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Introduction

* |n this talk | will give an overview of long-lived particle (LLP) searches in LHCb

* | will give a brief experimental background on the state of LLP searches in
LHCD

* | will explain the recent advancements in triggering on Standard Model long-
lived particles (strange hadrons) in LHCb

 Then we can look at the expected effect of applying these techniques to BSM
LLP searches



Long-lived particles




Long lived particles

 What is a long-lived particle?

 From an experimental point of view,
they are particles that travel a
reconstructible distance from the
interaction point before decaying, also
including (quasi-)stable particles

* More subjectively used to refer to particles
that travel a (substantially) greater distance
than the particles you usually study

 Nowadays mainly used to refer to BSM
LLPs

 Many BSM theories predict LLPs
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Types of signatures

 |LP searches tend to be signature
driven rather than theory driven

 Many signatures are possible
depending on kinematics, final
state particles etc

* | LPs require dedicated tools to
identify, since almost all LHC
physics focuses on decays very
close to interaction point

 Many new dedicated experiments
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Previous measurements



urrent status

ATLAS

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATL-PHYS-PUB-2023-008

ATLAS Preliminary

Status: March 2023 [£dt=(32.8-139) fb~! Vs =13TeV
Model Signature  [£dt[b7] Lifetime limit Reference

RPV T — ug displaced vtx + muon 136 | t lifetime I I I I 0.003-6.0 m I m(f)=1.4 Te:/ 2003.11956
RPV 9 — eev/euv/upv  displaced lepton pair  32.8 ,{/‘1’ lifetime 0.003-1.0 m m(g)= 1.6 TeV, m(¢?)= 1.3 TeV 1907.10037
RPV ! — qqq displaced vix + jets 139 | X lifetime 0.00135-9.0 m m(})= 1.0 TeV 2301.13866
GGM i - ZG displaced dimuon 32.9 | ! lifetime 0.029-180m  m(g)=1.1TeV, m(¢°)= 1.0 TeV 1808.03057
GMSB non-pointing or delayedy 139 ,%‘1’ lifetime 0.24-2.4m m(?, G)= 60, 20 GeV, By=2% 2209.01029
GMSB ¢ — ¢G displaced lepton 139 ? lifetime 6-750 mm m(£)= 600 GeV 2011.07812
§ GMSB # —= G displaced lepton 139 7 lifetime 9-270 mm m(€)= 200 GeV 2011.07812
@ avss pp — ¥iXy. ¥{¥;  disappearing track 136 | x] lifetime 0.06-3.06 m m(;)= 650 GeV 2201.02472
AMSB pp — i3, %1 ¥1 large pixel dE/dx 139 | ¥7 lifetime 0.3-30.0 m m(¥7)= 600 GeV 2205.06013
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519 m B(g — 5g)= 0.1, m(g)= 500 GeV, 1811.07370
Split SUSY large pixel dE/dx 139 | g lifetime >0.45m m(g)= 1.8 TeV, m(%)= 100 GeV 2205.06013
Split SUSY displaced vtx + E{I“ss 328 g lifetime 0.03-13.2 m m(g)= 1.8 TeV, m(¥})= 100 GeV 1710.04901

Split SUSY 0¢£,2-6jets +E}niss 36.1 g lifetime 0.0-2.1m m(g)= 1.8 TeV, m(¢3)= 100 GeV | ATLAS-CONF-2018-003
H- ss 2 MS vertices 139 s lifetime 0.31-72.4m m(s)= 35 GeV 2203.00587
° H-—ss 2 low-EMF trackless jets 139 s lifetime 0.19-6.94 m m(s)= 35 GeV 2203.01009
= VH with H — ss — bbbb  2€ + 2 displ. vertices 139 s lifetime 4-85 mm m(s)= 35 GeV 2107.06092
é FRVZH — 2yy + X 2 p—jets 139 | 4 lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
‘é,, FRVZH — 4yy + X 2 p—jets 139 | yd lifetime 2.7-534 mm m(yq)= 400 MeV 2206.12181
.f H- Z;Z, displaced dimuon 329 Z4 lifetime 0.009-24.0 m m(Zy4)= 40 GeV 1808.03057
H—- ZZ, 2 e, u + low-EMF trackless jet 36.1 Z4 lifetime 0.21-5.2m m(Zy4)= 10 GeV 1811.02542
N ®(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o x B= 1 pb, m(s)= 50 GeV 1902.03094
L§ $(600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094
@ (1 TeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV 1902.03094
W — N¢, N — tly displaced vix (up,ue, ee) + 4 139 N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
W — N¢, N — Ely displaced vix (uu.ue, ee) + u 139 N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988
% W — N¢, N — £ty displaced vix (uu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
W — N¢, N — £ty displaced vix (uu,ue, ee) + e 139 N lifetime | | 0.39-51 mm | | | m(N)=6 Ge\l/, Majorana 2204.11988

0.001 0.01 0.1 1 10 100 cT [m]
Vs=13TeV  Vs=13TeV
partial data full data ] 1 el il el ol el L
0.001 0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.
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Current status

CMS

UDD, g-tbs, mg=2500 GeV
UDD, g-tbs, mg = 2500 GeV
UDD, t-dd, mi = 1600 GeV
UDD, t-dd, m; = 1600 GeV
LQD, t=bl, m; = 600 GeV
LQD, t-bl, m; =460 GeV
LQD, t-bl, m;= 1600 GeV

GMSB, §~gG, mg = 2450 GeV

GMSB, §-gG, mg=2100 GeV

Split SUSY, §-qax?, mg = 2500 GeV

Split SUSY, G-qGx?, mg=1300 GeV

Split SUSY (HSCP), fz5=0.1, mg = 1600 GeV

MGMSB (HSCP) tanB =10, u>0 , m; = 247 GeV

Stopped t, t-tx?, mi =700 GeV

Stopped §, §-qgx?, f;5=0.1, mz = 1300 GeV

Stopped §, G-qaxS(uux?), f3=0.1, mg =940 GeV

AMSB, y *-xdn*, my= =700 GeV

g-qqgx? or q,,4,. X X =xIn*, mg=1600GeV,myo = 1575GeV
G-ax? or g'xi", xi- =xin*, mg=2000 GeV, mye = 1000 GeV
t-tx? or byt xif »x¥n*, my=1100 GeV, my = 1000 GeV
GMSB, x{-HG(50%)/ZG(50%), myo = 600 GeV

GMSB, x{-HG(50%)/ZG(50%), myo = 300 GeV

GMSB SPS8, x9-yG, mys = 400 GeV

GMSB, co-NLSP, [»IG, mj=270 GeV

Split SUSY, G-qdg°, ms = 1400 GeV, mg, = 1300 GeV
Split SUSY, G-qqx°, ms = 1400 GeV, my, = 1200 GeV
Split SUSY, §-qdi°, mg = 1800 GeV, my, = 1700 GeV
Split SUSY, §-qGx°, mz = 1800 GeV, my, = 1600 GeV

SUSY RPC

SM H-ZpZp(0.1%), Zp-uu, my =20 GeV

SM H-ZpZp(0.1%), Zp=up(15.7%), my =5 GeV

SM H-XX(10%), X~ee, my =20 GeV

SM H-XX(0.03%), X~II, my =30 GeV

SM H-XX(10%), X-bb, my = 40 GeV

SM H-XX(10%), X-bb, my = 40 GeV

SM H-XX(10%), X-bb, my = 40 GeV

SM H-XX(10%), X~TT, mx =7 GeV

SM H-XX(10%), X—ee, mx= 0.4 GeV

SM H-WW¥(1%), Gluon portal, mg=>5 GeV, (Xig, Xin) =(2.5,1)
SM H-WW(1%), Photon portal, m; =5 GeV, (Xiq, Xin) = (2.5,1)
SM H-WW(1%), Vector portal, mg =5 GeV, (Xjo, Xin) = (1,1)
dark QCD, mp,, =5 GeV, my,, = 1200 GeV

Higgs+Other

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.

Overview of CMS long-lived particle searches

CMS Preliminary

August 2023

§ 2104.13474 (Jets with displaced vertices) [IN010006=0:09"m
g 2012.01581 (Displaced jets) [ 0003=1m!
f 2104.13474 (Jets with displaced vertices) [N0100035=0108)
f 2012.01581 (Displaced jets) [ 0:002=132'm|
t
f 211004809 (Displaced leptons) |G GO0 H0%
f 2012.01581 (Displaced jets) [N01005=0:24'f|
g 2012.01581 (Displaced jets) 0.006—0.55 m
g 1906.06441 (Delayed jet + MET) 0.32-34 m
g 2012.01581 (Displaced jets) 0.007-0.36 m
g 1802.02110 (Jets + MET) <lm
g CMS-PAS-EX0-16-036 (dE/dx) >0.7m
T CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m
t 1801.00359 (Delayed jet) 60—-1.5e+13 m
g 1801.00359 (Delayed jet) 50—-3e+13 m
g 1801.00359 (Delayed pp) 600—3.3e+12 m
x* 2004.05153 (Disappearing track) 0.7-30m
X 1909.03460 (Disappearing tracks + jets with My;) 0.11-10m
Xi 1909.03460 (Disappearing tracks + jets with My;) 0.26-2 m
Xi 1909.03460 (Disappearing tracks + jets with My;) 0.25-9m
X 2212.06695 (Trackless jets + MET) 0.04-12 m
xd 2212.06695 (Trackless jets + MET) 0.05-24 m
X0 1909.06166 (Delayed y(y)) 0.2-6m
] 2110.04809 (Displaced leptons) 5e-05-2.65m
g CMS-PAS-EX0-22-020 (Displaced vert. + py's) 0.0003-1m
g CMS-PAS-EX0-22-020 (Displaced vert. + py's) 0.0001-1m
g CMS-PAS-EX0-22-020 (Displaced vert. + pJiss) 0.001-0.1m
g CMS-PAS-EX0-22-020 (Displaced vert. + pJ'ss) 0.0003-0.3 m
X CMS-PAS-EXO-23-014 (Displaced dimuon) 3.7e-05-7.8 m
X 2112.13769 (Displaced dimuon scouting) 0.0001-0.25m
X 1411.6977 (Displaced dielectron) 0.00012-25 m
X 2110.04809 (Displaced leptons) 0.001-0.12 m
X 2012.01581 (Displaced jets) 0.001-0.53 m
X 2110.13218 (Displaced jets + Z) 0.004-0.248 m
X CMS-PAS-EX0-21-008 (Decay in Muon System) 0.12-678 m
X CMS-PAS-EX0O-21-008 (Decay in Muon System) 0.0177—-45.6 m
X CMS-PAS-EX0-21-008 (Decay in Muon System) 0.017-1.68 m
n CMS-PAS-EXO-21-008 (Decay in Muon System) 0.49-23.6 m
n CMS-PAS-EXO-21-008 (Decay in Muon System)2.68—16.4 m
w CMS-PAS-EX0O-21-008 (Decay in Muon System) 0.49-10m
Xpk 1810.10069 (Emerging jet + jet) 0.0022-0.3 m
1 1 1 1 1 1
1078 107 1074 1072 100 102 104
ct [m]

link to source
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

LHCDb detector prior to Run 3

e (General-purpose single-arm forward spectrometer

* Pseudorapidityrange2<n<5>5 y | // / o s
/[ SPD/PS ... M2
» Optimised for study of particles containing b or ¢ quarks, though _};’/ / Magnet P EeACAL e

physics programme has expanded beyond this D e M

g
L) TI

‘ '.' RICH] At

_—
A

* Three tracking subdetectors: Vc,}gj."

 VELO (vertex locator) located around the beamspot

 TT (Tracking Turicensis) located before the dipole magnet ydia

 T1-T3 (tracking stations) located after the dipole magnet

* Also comprised of two RICH detectors for PID, ECAL, HCAL and
muon stations

* Optimised for study of particles decaying close to interaction point
Source Int.J.Mod.Phys.A 30 (2015) 07

e BSM LLPs could be hiding far from here

* Phase-| upgrade for Run-3


https://arxiv.org/abs/1412.6352

Previous measurements in LHCDb

* Previous measurements in LHCb include search for massive long-lived
particles decaying semileptonically, dark photons, searches for low-mass
dimuon resonances, heavy neutral leptons (HNLsS)

e Measurementsaty/s=7,8and 13 TeV

 Measurements are looking for signatures in the VELO, up to ~1 m from the
Interaction point

 LHCb most sensitive to LLPs produced in B hadron decays

* This limits the accessible lifetimes to O(100) ps

10



Massive LLPs decaying
semileptonically

* Production: either in gluon fusion or non-
resonant

» Lifetimes in the range [5,200] ps

* LLP signature is a displaced vertex made of
charged particle tracks accompanied by an
iIsolated p with high pr

* Lifetimes much higher than B meson (~1 ps)
but still within VELO acceptance

e Un-binned extended maximume-likelihood fit to
the distribution of the reconstructed LLP mass

e 95% CL upper limits are computed on o(LLPs)
x B(LLPs — pqgq) for both production modes

Cross-section [pb]
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https://arxiv.org/abs/2110.07293

Dark photons

Searches for prompt and
displaced dark photons decaying
into pair of muons

 A’is long-lived only if the
mixing factor is really small

Fully data-driven analysis

First limits on masses above 10
GeV & competitive limits below

0.5 GeV

meson decays ~ SM Drell-Yan T
ol /
n [m(A), %] = &2 [”2[2"7(;4 A1 Flm(A0)] e fm(4), 7(A)

90% CL exclusion regions on [m(A’), e?]

10~
10 i
107 g - 50 invfb _ E
_7 liten, Thaler, Williams, Xue M |W 500 invfb 3
10 PRD 92 (2015) 115017 E
0 LHCb  J
liten, Soreq, Thaler, Williams, Xue [1603.08926] =
107° scaled to 2016 data sample LUMI & trigger
50 invfb q E
1010 ) [ vnos ;
101! - Previous Experiments '
10—12 L1 1 lI 1 1 1 1 L1 1 lI 1 1 13

107!

10
m(A") [GeV ]



 Search for a scalar LLP
decaying to a pair of muons

e Limits span over 3 orders of
magnitude (10-10 — 10-7)

e |Lifetimes span 0.1ps — 1 ns

* Using decays in the VELO

©(x) [ps]

1000

13

Phys. Rev. D 95, 071101 (2017)

— P
’ ‘

95% CL

2000 3000

BR upper limit (95% C.L.)
Phys. Rev. D95 (2017) 071101

Bl

4000
m(yx) [MeV/c?]

BR(B" — K" ) x BR(y = n'u’)



Advancements in LLP triggering



LHCb Upgrade |

 Forward arm spectrometer,2 <n<5
* Particle tracking system is comprised of:

e Silicon pixel vertex locator (VELO) around the interaction point

e Silicon-strip upstream tracker (UT) in front of the large-
aperture dipole magnet

Side View

SciFi RICH2
Tracker

* Two ring imaging Cherenkov detectors (RICH1 and RICH2) o homedy AW \
located upstream and downstream of the magnet respectively < 1. il

* Three scintillating fibre tracker (SciFi Tracker) stations
downstream of the magnet

Particle identification (PID) is provided by:

* Electromagnetic calorimeter (ECAL) and a hadronic

calorimeter (HCAL) -\
N W
* Four stations of muon chambers (M2-5) P —————
* Optimised for study of particles decaying close to interaction g i
point
« BSM LLPs could be hiding far from here [arXiv:2305.10519)

15



https://arxiv.org/abs/2305.10515

LHCDb trigger

e For Run 3 LHCb has removed its hardware
trigger

* Two-level software trigger: HLT1 (GPU) and
HLT2 (CPU)

e Reduces data volume from 4 TB/s to 10 GB/s

« HLT1 provides a simplified reconstruction to
reduce event rate by a factor 20

 HLT2 provides a full offline quality
reconstruction to select signatures and reduce
event rate by another factor 20

* |n general, only reconstructed objects
belonging to the decay signature are
persisted — Real Time Analysis (RTA) of data

4 TB/s
30 MHz non-empty pp

\

FULL
DETECTOR
READOUT

N

y,

—

4
TB/s

.
.
.
@
*
o
“
*

y
E’ARTIAL DETECTOI?
RECONSTRUCTION

& SELECTIONS
(GPU HLT1)

\

All numbers related to the dataflow are
taken from the LHCb

U le Tri | Online TDR
Upgrade Computing Model TDR
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LHCDb trigger

e Algorithms and selections must meet
strict throughput (events processed per
unit time) and bandwidth (size of output
data) requirements

* For decays in the magnet region there
are three primary challenges which must
be addressed:

e Poor track momentum resolution

» Extrapolation of trajectories through a
strong, inhomogeneous magnetic field

* Large track combinatorics

.
"
*
“
*

4 TB/s
30 MHz non-empty pp

y
( h A )
FULL PARTIAL DETECTOR

oetcTon | [FECOTRICTON
READOUT

9 p 4 9 (GPU HLT1)
TB/s

All numbers related to the dataflow are
taken from the LHCb

U le Tri | Online TDR
Upgrade Computing Model TDR
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Tracking in LHCDb

Upstream track
1 T2 T3

<
Tl
—
O
N S

—  Long track

VELO track .\wream track /

== T track

——

B
|
-
@)
TT T[T T T[T T T[T T T [TTT[TT]
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Tracks reconstructed from segments in the
different trackers, named according to where
they have hits

Downstream tracks and T tracks can be used
to reconstruct long-lived particles such as
strange hadrons, or undiscovered beyond the
standard model (BSM) particles, that decay in
the magnet region

Downstream tracks used to reconstruct particles
decaying 1-2 m from interaction point

T tracks used to reconstruct decays up to
around 7.5 m from interaction point

The flexibility of the new trigger can be exploited
to trigger on these signatures



Downstream & T tracks In HLT1
Why? ~

LHCb Slmulatlon L SIS TUPIPSRIUSIES. S
~ 4« BSMa, (> u*p),M= ()SGer

‘ll

16000 -

14000_—V—BSMH(—->u B M=03GeV. | g

o ~ oA’
% 12000 — _g”
 Decays of particles with T > 100 ps § 1w
typically happen outside the VELO 5 F
= 6000 —
« These particles decay to = a0
Downstream tracks and T tracks e
* Weren’t being selected by HLT .
befo re L. Calefice et al. (2022). Frontiers in Big Data, 2022.1008737

19



HLT1 Downstream

& NEEEBEESIEEEBILEASEAERREEA
ig 01— A, » Ay LHCb Simulation— = l = Z e
o B = anne ,," ny [)l'()l)()l' JO1) nLeres
E [ HLT1 Downstream Distibution 0 O Ry i
S 0.08f— —e— Momentum resolution — o e
. . 5 i i A — Aq 3.4 ~ polarization., BR
Algorithm based on the extrapolation of = [ ] = ’_:_ A i - : =
 — 0.06 }— - &p —r & %) 25 4 polarization,
SciFi seeds (or tracklets) to the UT detector, ; : 0 = 0~ 13 } polariation, BR
including th_e effect of the magnetic field in a . . , — B* KK - ——
the x coordinate ; 1 | B+ SKokeK? CPV, BR
. _ _ 0.2 P B? 2 KAK? 3.6 CPV, BR
Search windows in the UT detector for hits 5 Bl e e e e
. . . PEE BERTRER R TR R R R TR R e WO W WA TN SR NN TR SR N
that are compatible with tracks coming from % 10000 20000 30000 40000 0000 Act — AK 1.4 Polarization studies

the SciFi, and that are not used by other T —— S 8.4 Polarization studies

) i i
reconstruction algorithms, are considered ¢ [ "~V LHCb Simulation - D® — KYKQ 1.8 CPV
5 "I HLT1, noVelo, isDown, fromSignal, P>5GeV, P>500MeV - I — AA 1.8 Polarization studies, BR
In addition, fake tracks originating from 1 T - | Strange physics
ri hits in th tector i | K2 ptp 0.6 BR
spurious hits e del ector are suppressed ook ety . % JH[ ., [l SENEFE > lm
by a neural network with a unique hidden L TR T 1 WL Qs pty
Iayer 0.61% '} “1“ [ [+ Kd— yptu~ 0.8 BR
0.4:-— ik i _:
The reconstruction efficiency fo_r | o2 [ Diseiton L3 CERN.THESIS.2093.949
downstream tracks of the algorithm is about =~ | —fdeey |~~~ [
70%, Wlth ghOSt rates below 20% 00 10000 15000 20000 25000 30000 35000 40000 '4'500'0;3'('5\3;%(1/0)0
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HLT1 T tracks

* Runs on remaining SciFi segments after
Long and Downstream track matching

* Preselection of tracks from geometrical
considerations

* Uses empirical extrapolation track model
with parametrisation obtained from
simulation to fit vertices in the magnet region

* Events selected using a neural network that
uses quality and kinematical variables of
daughter tracks and vertex as input

* Reduces throughput by around 1.5%
 WIP

Entries

15000 |

10000:

5000 |
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LHCb

20000 |

LT1 Faraway (viz. T-Track) A" line
1 | I I | 1 1 1 1 I 1 I I 1 I 1

DSCB:
w=1111.87

2023 (13 TeV)
| I I I I | l_

MEP dumps:

o=15.78

Q
T
T
=

PN BN BN G G NN BN N B BN G G B G G G B G B B S . e

a; = 2.66

ny — 1.88

a,=0.73

n-=0.51

Unofficial :

?  Preliminary

08 Jun
30 Jun

11 Jul

b |
110

WP | T B BT BRI m e
1200 1300 1400 1500 1600

My, (MeV)



(14 TeV)

_ _ _ :>® ] i ] v ' vt | L | " L L I
Extremely dlsplaced vertex flndlng Ei 2500 :- L:ICb Simulation Preliminary % Sf;CA §
and fitting in the magnet region = 000t k
HLT2 T tracks E
= 1500 F || -
1000 .
« Narrow opening angle of A and Kg decay products used _
to reduce combinations in place of mass cuts 00 -
e Exploit linearity of tracks in y-z plane to reject track pairs 01,}) e T T4 18 18 50 '2_2‘-
that do not cross in the magnet region m(pm) [GeV]
* For vertex fitting, use detailed 5th-order Runge-Kutta S S A I B NEEE
extrapolation in first iteration, polynomial interpolation after ot LHCD Simulation Preliminary 1 POCA
as compromise between timing and accuracy SOF 1 R
S 1000 F .
 Mass resolution dramatically improved by using y-z ;; : ;
intersection instead of default point-of-closest approach 800 J ]
(POCA) for vertex seed soo f -
e Further optimisations being investigated to simplify : .
extrapolator to improve speed : ]
0 : PR I T T |

 Mass resolution can be further improved by offline fitting

P ST T [T TN NN SR T N SR TN TR R N S N [ I T
0 5.25 5.5 5.75 6.0 6.25 6.5

m(J/YA) [GeV]
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Extremely displaced vertex finding
and fitting in the magnet region

HLT2 T tracks

e Qutput rates O(10 Hz) after vertexing
T track and Long track combinations

e Currently deployed in trigger for
Ag — J/I/I_A, BY - JIyK?,
JIy — A decays

e Efficiencies shown after selections
and vertexing wrt generated events
where is J/Y—pu reconstructed

e To be updated for 2024 conditions

23

1250 — T T ] — 1 ' T T T 1 T T T T ] | =
N '~ gen (J /v reconstructed) -
1000 F unofficial gen (/Y
1000 | Ay = J/YA reco + sel 7
750 F =
500 F E
250 F E
0 ! ! | ! |
0.5 I I I [ [ —
0.4 =
0.3 —
44% average efficiency ]
0.2 -
1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 ]
3000 4000 2000 6000 7000
True A end vertex z [mm]
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LLP search prospects



Prospects

 These techniques are being adapted for BSM LLP searches
e Complementary detector acceptance to searches using Long and Downstream tracks

e Dedicated triggers will extend acceptance of LHCb’s tracking system to around 8 m, lifetimes up to
@(10 ns) in regions of little-to-no physics background

e Example channel B" - K"H'( —» u u™)
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Downstream

Dark photons and B-L mediators

Decay modes
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Fig. 6. Sensitivity to dark photons (BC1, the left panel) and B — L mediators (the right panel) in the plane LLP mass-LLP
coupling. The sensitivity of future LHCDb searches restricted by VELO is taken from [32], while the excluded parameter space and
the sensitivity of FASER and FASER2 experiments is taken from [3]. For the Downstream algorithm, in this and subsequent

figures, two values of the integrated luminosity are assumed: 25 fb~', corresponding to the partial statistics of Run 3, and
300 fb~', which is the full statistics of Run 6. For the description of the models, see Sec. 3 and Ref. [23]. See the text for the

discussion on the sensitivity.
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Downstream

Model Production Decay modes
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Fig. 7. Sensitivity to Higgs-like scalars, models BC/ (the left panel) and BC5 (the right panel). The excluded domain, as well
as sensitivities of FASER, FASER?2, and the search of B — KS(— pu) are taken from [3].
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below the short-dashed line corresponds to the parameter space excluded by BBN [36; 37].
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T tracks

Higgs-like scalars

e Trigger line development

e Dimuon invariant mass and mass
resolution in trigger shown for 5 values

m(LLP) < m(B) — m(K) for decays in
magnet region

e Could be improved offline using decay
tree fit with B mass constraint

e Example of how combinatorial
background can be suppressed through
dedicated MVA-based track filtering
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T tracks

Higgs-like scalars
BR Upper Limit (95% C.L.) per fb™

-9
3000 x10

Lifetime [ps]

2500

e Estimated sensitivity based on 2000
selection

1500

e Can improve current limits by 2
orders of magnitude for lifetimes 1000
over 0.1 ns
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Summary and conclusions



Summary & conclusions

* The physics reach of LHCDb is expanded by triggering on particles decaying more
than 1 m from the interaction point

* Techniqgues have been developed for strange hadrons (SM LLPs) and are now being
applied to BSM LLPs

* This extends the accessible lifetimes by several orders of magnitude
* This expand current limits by several orders of magnitude
* Next steps:

* Finalise trigger lines for several different BSM signatures using Downstream and T
tracks to collect some data to analyse
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Topological track filtering
HLT2

* Not all processes have clear signatures to reduce
combinatorics

* Not possible to run reconstruction and extrapolate
all T tracks in the event without significant
throughput reduction

» Filter tracks before full reconstruction using two
MVAs — gradient boosted BDTs from CatBoost
library

e Use a BDT to filter single tracks, then use a BDT

to filter pairs (vertex candidates) of remaining
tracks

e Currently optimised for A and Kg

* Reduces impact on throughput and
combinations by 70%-85% whilst maintaining
around 70% of signal

N b
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e BDT variables are:

Single track: pr, p,, 1, y, r

Track pair: Ay, Ar, sign(t, - 1), At,, At

e Currently deployed in trigger for Eg — AK 7", B, > E™x

2" — E ' n decays

Track Momentum [GeV]

X’ yyzi ZyZ
=0

_|_

e Performance expected to improve in 2024 as closed VELO and UT will
gﬁnprove Long and Downstream tracking — less background



CMS

Multilepton

Dilepton
B
Jets

Fully
Hadronic

Displaced

VBF

HNL

UMSM, |Vey|? =1.0, |Vw|?>=1.0

Type-lll Seesaw Heavy Fermions, Flavor Democratic
Type-lll Seesaw Heavy Fermions, B =1.0, B,=B;=0.0
Type-lll Seesaw Heavy Fermions, B, =1.0, Be =B;=0.0
Type-lll Seesaw Heavy Fermions, B =1.0, Be=B,=0.0

LRSM Wg
LRSM Wg

eNg), My, <My, (=200GeV)
eNg), My, = 0.5My,

LRSM Wr(LNR), My, < My,( = 200GeV)
LRSM Wr(uNg), My, = 0.5My,

LRSM Zg(eNg), Mz, < 0.5My,(=100GeV)
LRSM Zg(eNg), My, = 0.25Mz,

LRSM Zg(uNg), Mz, < O.SMNH( =100GeV)
LRSM Zg(uNg), My, = 0.25M,

Composite Fermions Ne, My, < A( = 13TeV)
Composite Fermions N, My, <A(=13TeV)

LRSM WR(TNR), IVINR = O.BMWR
LRSM WR(TNR), IVINR = O.ZIVIWR

Displaced Majorana HNL, |Vey|?> =1.0 x 107>
Displaced Majorana HNL, |Vyy|?=1.0 x 107
Displaced Dirac HNL, |Vey|? =1.0 x 1073
Displaced Dirac HNL, |V,y|? = 1.0 x 107>
Displaced Majorana HNL, |Vey|?> =1.0 x 107>
Displaced Majorana HNL, |V,y|?> =1.0 x 107°
Displaced Dirac HNL, |Vey|2 =1.0 x 1073
Displaced Dirac HNL, |V,y|? =1.0 x 107>
Displaced Majorana HNL, |Vey|?> =5.0 x 107>
Displaced Majorana HNL, |V,y|?> =5.0 x 107°
Displaced Majorana HNL, |Vqy|?> =1.0 x 1073
Displaced Dirac HNL, |Vey|?=5.0 x 107>
Displaced Dirac HNL, |V,y|? =5.0 x 1073
Displaced Dirac HNL, |Vy|?=1.0x 1073

Type | Seesaw VBF SSWW, |V,y|? =1.0

Overview of CMS HNL results

CMS Preliminary

August 2023

M 0.04-1.24 TeV' 1802.02965; 1806.10905 (3p; = 1j + 2p)

M 100-980 GeV 2202.08676 (3{, = 4L, 1T + 3{, 2T + 2/, 3T + 1/, 1T + 2/, 2T + 1{)

M 100-990 GeV 2202.08676 (3{, = 4L, 1T +3(, 2T + 2/, 3T + 1/, 1T + 2/, 2T + 1{)

M 0.1-1.065TeV 2202.08676 (3{, = 4L, 1T + 3£, 2T + 2, 3T + 14, 1T + 2/, 2T + 11)

M 100-890 GeV 2202.08676 (3{, = 4L, 1T +3(,2T +2/,3T + 1/, 1T + 2/, 2T + 1{)

M 0.1-4.7 TeV| 2112.03949 (2e + 2j)

M 0.1-4.8TeV 2112.03949 (2e + 2j)

M 0.1=5TeV 2112.03949 (2 + 2j)

M 0.1-5.4 TeV| 2112.03949 (2 + 2j)

M 0.1-2.79 TeV. 2307.06959 (2e, = 4j)

M 0.1-3.59 TeV 2307.06959 (2e, = 4j)

M 0.1-4.38 TeV| 2307.06959 (2, = 4j)

M 0.1-4.1TeV 2307.06959 (2p, = 4j)

M 0.5-6TeV 2210.03082 (2L + 2j)

M 0.5-6.1 TeV. 2210.03082 (2u + 2j)

M 1-3.52 TeV 1811.00806 (2T + 2j)

M 1-3.75 TeV 1811.00806 (2T + 2j)

M 4.36-12.52 GeV|  2201.05578 (2e + 11)

M 2.37-1324GeV| 2201.05578 (2u + 14)

M 4.58-14.11GeV'  2201.05578 (2e + 11)

M 2.63-14.93GeV'  2201.05578 (2p + 11)

M 2.9=11GeV| CMS-PAS-EX0-21-013 (1e, = 1j)

M 2.1-12.4GeV.  CMS-PAS-EX0-21-013 (1p, = 1j)

M 32122GeV|  CMS-PAS-EX0-21-013 (1e, = 1j)

M 27-128GeV.  CMS-PAS-EX0-21-013 (1p, = 1j)

M 1.3-2.6 GeV CMS-PAS-EX0-22-017 (e + MDS)

M 1.3-2.7 GeV CMS-PAS-EX0-22-017 (p + MDS)

M| 125-1.9GeV CMS-PAS-EX0-22-017 (e/p + MDS)

M 1.45-2.9 GeV CMS-PAS-EX0-22-017 (e + MDS)

M 1.45-3.1 GeV CMS-PAS-EX0-22-017 (p + MDS)

M 1.3-2.1 GeV CMS-PAS-EX0-22-017 (e/p + MDS)

M 0.05-23TeV| 2206.08956 (2p + 2j)
L L L L L L L L 1 L L L L 1 L L L L L L 1 L L L L L L L L 1 L " " "

1073 1072 1071 100 10!

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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link to source
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

Previous measurements in LHCDb

(Incomplete)

e 7 TeV:

 EUR. PHYS. J. C75 (2015) 152, “Search for long-lived particles decaying to jet pairs” | A search is presented for long-lived particles with a mass between 25 and 50 GeV/c? and a lifetime
between 1 and 200 ps (link)

* EUR. PHYS. J. C76 (2016) 664, “Search for Higgs-like bosons decaying into long-lived exotic particles” | A search is presented for massive long-lived particles, in the 20-60 GeV mass range
with lifetimes between 5 and 100 ps. (link)

e 7and 8 TeV:

 EUR. PHYS. J. C77 (2017) 224, “Search for massive long-lived particles decaying semileptonically in the LHCb detector” | The mass range from 20 to 80 GeV and lifetimes from 5 to 100 ps
are explored. (link)

« PHYS. REV. D95 (2017) 071101, “Search for long-lived scalar particles in Bt — K™ y(u™ ™) decays” | No significant excess is observed in the accessible ranges of mass
250<m(x)<4700MeV/c2 and lifetime 0.1<T1(x)<1000ps. (link)

 EUR. PHYS. J. C77 (2017) 812, “Updated search for long-lived particles decaying to jet pairs” | A search is presented for long-lived particles with a mass between 25 and 50 GeV/c? and a
lifetime between 2 and 500 ps

 EUR. PHYS. J. C81, (2021) 248, “Search for heavy neutral leptons in W — uu* + jet decays” |
e 13 TeV

« PHYS. REV. LETT. 124 (2020) 041801, “Search for A’ — u™u~decays” | The prompt-like A’ search explores the mass region from near the dimuon threshold up to 70 GeV, and places the
most stringent constraints to date on dark photons with 214 < m(A’) = 740 MeV and 10.6 < m(A’) = 30 GeV. The search for long-lived A’—=pu+u- decays places world-leading constraints on

low-mass dark photons with lifetimes O(1) ps.

« EUR. PHYS. J. C82 (2022) 373, “Search for massive long-lived particles decaying semileptonically at \/§=13 TeV | The analysis covers LLP mass values from 10 GeV up to about one half
the Higgs-like boson mass. The second LLP production mode is directly from quark interactions, with LLP masses from 10 to 90 GeV. The LLP lifetimes considered range from 5 to 200 ps.
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2014-062.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-014.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-047.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-052.html

Experiment L(fb™) (Zmin, Zmax)( M) | (Omin, Omax)( mrad) Selection

Two oppositely charged particles
. 25 (w FASER) N -
LHCb with Downstream 300 (w FASER2) (1,1.5) ~ (1.3,260) enter SCéFl, B 345 GeV/c

Two particles with zero total charge

FASER 150 (480, 481.5) ~ (0,0.21) intersect the detector

Two particles with zero total charge
intersect the detector

FASER2 3000 (480,485) ~ (0,2.1)

Table 2. Setups of the LHCb with the Downstream algorithm and the FASER and FASER2 experiments used for the com-
parison of the signal rates. The columns are: the name of the experiment, the integrated luminosity, the minimal and maximal
longitudinal displacement covered by the decay volume, the minimal and maximal angles covered by the decay volume, and the

selection criteria imposed on the LLP decay. Two different luminosities are considered for the Downstream algorithm in order
to make a proper comparison with FASER/FASER2 (see text for details).
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— H'Kand B — H'K decay channels (top)
and sensitivity to the H' displaced vertex by

o2 o Eur. Phys. J. C (2020) 80:669
‘ Figure 8. Parameter space regions for the B

Higgs portal

different present and future experiments

| nn, KK' l. p*;r (bottom), (Figures adapted from
> ' | ‘: Kachanovich, Aliaksei et al., 2020).
- ; |
‘%1074 | -
 Some models predict the SM Higgs field - ‘
serving as a portal to a dark sector .
B - K*H'
* One of simplest models predicts a mixed 10-6 1 . : -

state between a new scalar low mass Higgs
(H’) and the SM Higgs (H), determined by the
mixing strength O

vvvvvvvv
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* |n this model H’ can be interpreted as a
mediator with unknown mass and lifetime to a
dark sector
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Heavy Neutral Leptons

 Heavy Neutral Lepton N coupled to the active neutrino va: Ve, Vyu, Vo

 Below EW scale, coupling of HNLs to SM neutrinos is via mass mixing with
the active neutrinos parametrised by HNL-neutrino mixing Uq
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